A thermotolerant Saccharomyces cerevisiae mutant strain, TT6, was constructed after multi-parental hybridization of five mutant strains obtained by UV or NTG treatment of the original strain, S. cerevisiae KV1. 
A thermotolerant Saccharomyces cerevisiae mutant strain, TT6, was constructed after multi-parental hybridization of five mutant strains obtained by UV or NTG treatment of the original strain, S. cerevisiae KV1. When incubated at 40 o C in YPD broth, TT6 began to grow exponentially in 10 h, but KV1 did not show any noticeable growth even after 22 h. The thermotolerant growth of TT6 was confirmed by serial dilution assay at 42 o C; TT6 grew at a cell concentration (10 Keywords: Thermotolerance, Saccharomyces cerevisiae, bioethanol, growth, fermentation time, glucoamylase A huge quantity of fermented industrial ethanol is produced in distilleries worldwide. Recently, demand and production of ethanol as a sustainable source of fuel have rapidly increased in many parts of the world. Fuel bioethanol manufactured from renewable resources by microbial fermentation is an attractive alternative because it is carbon dioxide neutral [21] .
In distilleries, ethanol is almost exclusively produced by traditional industrial Saccharomyces cerevisiae yeast strains from sugars and starches. For fuel ethanol production, although many microorganisms have been exploited, S. cerevisiae remains the microorganism of choice [4] . For most S. cerevisiae strains, the optimal temperature ranges between 25 o C and 33 o C. The use of thermotolerant yeasts presents advantages in terms of reduced cooling costs and distillation costs, and faster fermentation rates, and also helps to decrease the chance of contamination during fermentation [3] . Thermotolerant yeasts are also useful for the production of cellulosic ethanol by simultaneous saccharification and fermentation (SSF) since the optimal temperature for saccharification, 45-50 o C, is higher than that of yeast fermentation [8] . The ethanol fermentation industry is very large; therefore, any small improvement in the efficiency of ethanol production made by improving thermotolerant yeasts could be economically significant [1, 3] . Because of their potential applications, thermotolerant yeasts at temperature above 35 o C have been the object of numerous studies [1, 3, 6, 15] .
Ethanol fermentation from starch or cellulose involves two main processes: saccharification and fermentation. SSF, which is enzymatic hydrolysis coupled with yeast fermentation in the same vessel, is generally preferred to separated hydrolysis and fermentation because it requires less equipment and fermentation time [20] .
So far, several thermotolerant S. cerevisiae strains isolated from nature [1, 6, 15] or constructed by genetic methods such as mutation [17] , protoplast fusion [12] , or genome shuffling [16, 22] have been reported. However, very limited reports have shown an actual reduction in fermentation time and saccharifying enzyme dose in the production of ethanol from starchy substrate.
The object of this work was to construct a S. cerevisiae strain capable of fermenting glucose at temperatures above 35 o C without a reduction in ethanol yield. The yeast was produced by chemical mutagenesis or ultraviolet irradiation followed by multi-parental hybridization. The amount of fermentation time and saccharifying enzyme dose that *Corresponding author Phone: +82-31-220-2344; Fax: +82-31-220-2344; E-mail: kkim@suwon.ac.kr could be saved using the thermotolerant strain were also determined by comparison with the conventional strain.
MATERIALS AND METHODS
Yeast Strains and Culture Conditions S. cerevisiae KV1 is a stock culture in our laboratory that was previously selected from more than 300 yeast strains as the highest ethanol-producing strain. S. cerevisiae TT6 is the thermotolerant strain developed from KV1 using mutation and subsequent multiparental hybridization. S. cerevisiae ATCC26603 is a high-ethanolproducing strain and was used as a reference. For yeast cell activation, cells were grown on a YPD agar plate containing 1% yeast extract (Y), 2% peptone (P), and 2% dextrose (D) solidified with 2% agar at 30 o C for 2 days. YPDE agar was the selection medium containing 5% ethanol. For liquid culture, cells were inoculated into a 250 ml Erlenmeyer flask containing 100 ml of YPD and incubated in a rotary shaking incubator operated at 200 rpm at various temperatures depending on the experimental protocol. 
NTG Treatment
One colony of yeast cells was inoculated into a 250 ml Erlenmeyer flask containing 100 ml of YPD, and the flask was incubated at 30 o C and 200 rpm for 24 h. Then, 100 µl of the activated cell broth in an Eppendorf tube was centrifuged and the cell pellet was mixed with 1 ml of sterile D.W. and vortexed. The resulting cell suspension (2.0 × 10 8 cells/ml) was mixed with 64 µl of N-methyl-N'-nitrosoguanidine (NTG, 1 mg/ml) and incubated at 30 o C for 40 min, which gave a 95% death rate. After the cells were washed with 5% sodium thiosulfate to terminate the reaction with NTG, they were appropriately diluted with 5% sodium thiosulfate. One hundred microliters of diluted suspension was spread onto YPD agar plates and incubated at 40 C using a flow rate of 0.6 ml/min. All of the experiments were replicated three times and the average values are presented. A variation of about 5% was seen between the three experiments. Residual reducing sugar expressed as glucose was determined by the 3,5-dinitrosalicylic acid method [13] . C. Mutants or hybrids with the best fermentation performance (i.e., those that produced more ethanol than did all parental strains at the end of fermentation and had glucose/ethanol conversion rates higher than those of all parental strains) were selected.
Screening of Thermotolerant Yeasts for Ethanol Production at

Multi-Parental Hybridization
Yeast cells were grown to OD 600 = 1 in YPD and harvested by centrifugation (3,000 ×g, 5 min). The resulting cells were washed three times with sterilized water and incubated in a 250 ml shake flask, with 50 ml of YP containing 1% potassium acetate, at 200 rpm and 28 o C for 24 h. Subsequently, cells were collected by centrifugation, washed three times with sterile water, and incubated for sporulation in a 250 ml flask with 50 ml of sporulation medium (1% potassium acetate, 0.1% yeast extract, 0.05% glucose) at 28 o C and 200 rpm. Yeast spores were purified using the method of Hou [9] .
The spores of five different mutant strains obtained by NTG and UV treatment were mixed together and centrifuged. The mixed spore pellet was suspended in D.W. and the 1 ml spore suspension was inoculated into 100 ml of YPD and cultured at 30 o C for 24 h. The cells were appropriately diluted with 0.08% NaCl and then 0.1 ml of the diluted suspension was spread onto YPD agar plates and incubated at 40 
RESULTS AND DISCUSSION
Inhibition of Yeast Cell Growth and Fermentation by High Temperature
The effect of incubation temperature on yeast cell growth was examined using strain KV1 and the results are shown in Fig. 1A . At 27 o C, the yeast showed a significantly longer lag phase, and cell growth (maximum specific growth rate, µ max = 0.36 h . This result seems to have been caused by the combined inhibition of the ethanol produced and high temperature. It has generally been observed that the higher the temperature, the greater the inhibitory effects of ethanol and subsequently the lower the ethanol production [5, 7, 10] . The fermentation efficiency of S. cerevisiae at high temperature is very low owing to the increased fluidity of membranes, to which the yeasts generally respond by changing their fatty acid composition [14] .
Screening and Selection of a Thermotolerant Yeast
After screening of KV1 mutant strains that resulted from the NTG or UV treatment, five mutant strains showing higher ethanol production at 39 o C than KV1 were selected. Among these strains, four and one strain(s) were obtained after treatment with NTG and UV, respectively (data not shown). A thermotolerant mutant hybrid strain, TT6, was selected after screening 1,500 colonies primarily obtained from multi-parental hybridization among the original strain KV1 and the five mutant strains obtained by NTG or UV treatment. ), and entered the stationary phase at 19 h, whereas strain KV1 did not show any noticeable growth during the entire incubation period of 22 h.
The thermotolerance of growth of TT6 was confirmed by a serial dilution assay at 42 o C (Fig. 1B) . TT6 showed growth at a 10 -5 dilution, whereas KV1 did not show growth even at a 10 -2 dilution. Therefore, TT6 grew at 42 o C at a cell concentration 10,000 times lower than that of KV1. Ethanol fermentation of TT6 at various temperatures. Ethanol production from YPD23 by the thermotolerant yeast strain TT6 at various elevated temperatures for 84 h was examined and the results are compared with those of the original strain KV1 (Fig. 2A) . In the case of KV1, ethanol production decreased with increasing temperature. However, in the case of TT6, ethanol production was not decreased at temperatures up to 37 o C. At all high temperatures tested, the ethanol content produced by TT6 was always higher than that produced by KV1.
Traditional methods such as mutation and hybridization of yeast cells are still useful for strain improvement, especially for traits for which genes have not been identified and studied. To improve the complex cell phenotype involved in tolerance to high temperature and ethanol requires modification in many known and unknown genes. For example, simple, short-term ethanol-induced stress of S. cerevisiae resulted in a >3-fold up-regulation of 296 genes and down-regulation of 201 genes [2] . Complex interactions of gene products with each other and their environment can further complicate the system. Since the mutant strains could have mutations in different gene loci by random mutation, a more improved hybrid could be formed by hybridization of the different mutant strains and genetic complementation. By hybridization, hybrid strains that surpass their parent strains in heat and ethanol tolerance have been reported [9, 11, 22] . Ethanol production of TT6 at different fermentation times. ) and final ethanol yield (80.0%) were significantly inferior to that of KV1 and TT6, indicating that the original KV1 used for strain improvement is already ethanol tolerant and an efficient ethanol producer. Therefore, the thermotolerant strain TT6 originating from KV1 is a valuable strain for ethanol production. Ethanol production using a lower dose of glucoamylase. We also evaluated the performance of the thermotolerant strain TT6 in SSF using a lower dose of glucoamylase. Previously, the optimal glucoamylase dose for SSF of corn using KV1 at 30 o C was determined to be 0.6% (w/v) (data not shown). We examined how much glucoamylase could be saved by using TT6 at 36 o C. Fig. 3B shows the effect of the glucoamylase dose on ethanol production by KV1 and TT6. Herein, the higher dose of glucoamylase resulted in a higher ethanol production rate. Using all of the enzyme doses, ethanol production by TT6 was completed at 48 h (ethanol productivity, 1.88-1.93 g l ; final yield, 90.6%). This result indicates that by using TT6 at 36 o C, more than 50% of the glucoamylase dose could be saved for the production of ethanol by SSF of corn. Since saccharification enzymes have much higher optimal temperatures than yeast fermentation [3] , high-temperature fermentation will be advantageous for SSF and results in a reduction in the amount of glucoamylase or the time required for SSF to be completed.
